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* dc-dc converters for switch-mode dc power
supplies and dc-motor drives
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Block Diagram of DC-DC Converters

—
I_Battery o o e it e 1
[ |
AC 5
line voltage Uncontrolled DC < Filter DC DC-DC DC

(1-phase or Rz.i:togieer (unregulated) |Capacitor{ (ynregulated) |Converter| (regulated)

Ucontrol

Load

Figure 7-1 A dc—dc converter system.

 Functional block diagram

Chapter 7 DC-DC Switch-Mode Converters



Stepping Down a DC Voltage

+
Va " 0 l *o e ;
§R v ' ton +—toﬁ—¢-|
- _ T, ..l

fa) {b)

Figure 7-2 Switch-mode dc—dc conversion.

« A simple approach that shows the evolution
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Pulse-Width Modulation In
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Figure 7-3 Pulse-width modulator: (a) block diagram; (b) comparator signals.

* Role of PWM

Chapter 7 DC-DC Switch-Mode Converters

7-4



Duty cycle

« Switching frequency given by the sawtooth

« Control voltage u_,. IS the diffence
between reference and measured voltages
amplified by the controller

— U.oniro) 9IVES the on-time of the switch t,
* Relative on time, duty cycle

D= ton _ Yohj
Ts  Ug
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Step-Down DC-DC D) eE L

Va | | - |
+ | L | +
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p——r, = fls——-——i
* The larger the difference R v,
between the corner o N
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(c)
Figure 7-4 Step-down dc—dc converter.

Chapter 7 DC-DC Switch-Mode Converters 7-6



Output voltage

 In continuous conduction mode (CCM)

- Ty

_ 1 _lon _

V,=— pdr="L V=DV

0 Ts" Vo” T, d d
o

* Output depends linearly from the

— Duty cycle

— and therefore also from control voltage U,
 Discontinuous conduction mode (DCM)

— WIll be discussed in next slides

— Also output current (power) has an effect on voltage
average

— Nonlinear dependence on the duty cycle
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Step-Down DC-DC Converter: Waveforms

{a)

Figure 7-5 Step-down converter circuit states (assuming ¢, flows continuously): (a)
switch on; (b) switch off.

« Steady state; inductor current flows continuously
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Continuous Conduction Mode, CCM

* Voltage integral over the inductor must be
zero at steady state

(Vd_Vo} lon = Vo(Ts_ton}

Vd Tq

e |f there are no losses In the converter

led = VOIO = == =
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’Transformer”

* In CCM operates like transformer without
galvanic isolation

— Duty cycle D acts like a portabless turns ratio
In a transformer, changes from O to 1

* Input current iy changes also as the switch
operates

— In many cases filtering needed in the input
side too, depends on the supplying voltage
source
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Filtering

* Filter iInductance ensures that

OUtpUt IS current source as . v

Input normally Is voltage - T T

source e

* Filter corner frequency f B

— Selected to be much smaller : S
than f o P

— Attenuation of harmonics is high ez | |

— Output voltage can be assumed e '; |
to be constant in many cases e ; ' ; ,

(c)
Figure 7-4 Step-down dc—dc converter.
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Step-Down DC-DC Converter: Waveforms at the
boundary of Cont./Discont. Conduction

UL (Vg - Vo Lig=1I,;p V4 = Constant
B S
° F.=i=-p f - ——ILB max = g%%?
(=Vo)
‘—————-Qm-————*+*——-&m'——'! o 1 D

0.5 1.0

|
pe T, -
{a) {b)

Figure 7-6 Current at the boundary of continuous—discontinuous conduction: {a) current
waveform; (b) Iy 5 versus D keeping ¥, constant.

 Critical current below which inductor current

becomes discontinuous ILpeak  Ugq —U, DT,
l g = 5 = oL lon = oL (Ud _UO):IOB
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Step-Down DC-DC Converter: Discontinuous
Conduction Mode

iL. peak

|
n DT, -~ Ay T’_"Ifxz_','l
= T, -

Figure 7-7 Discontinuous conduction in step-down converter.

« Steady state; inductor current discontinuous
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DCM with constant Ud

 Typical in motor drives
* Replacing U, = DU we
end up to fiB=18  yd is constant

DU4T, A
1-D)=|
oL (17D)=los

I g =

« Highest output current
for CCM needed at D =
0,5
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U,/U,; In DCM with constant Ud

* Voltage integral over the inductor

U D
~U, ) DT —U AT, = 0 =
(Ud Uo) s —UpATg =0 = Uy D+A
« Average of output current
lo :ineak D;Al :ULO AqTs D—;Al :Uzdlj_s DAy
:>A1:l IO
4 ILBmaxD
* Replacing we obtain  y,  p?
Ud - D2+1 Io
4 ILBmax
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Step-Down DC-DC Converter: Limits of
Cont./Discont. Conduction

Y.
Va
V4 = Constant
1.0
0.75
0.50
B g
0.25 _ PR
- 0.1
olee=—" | ! | I ,_( 1, )
0 0.5 1.0 15 2.0 ILB, max
TsVd

ILB, max = 8L

Figure 7-8 Step-down converter characteristics keeping ¥, constant.

* The duty-ratio of 0.5 has the highest value of the
critical current
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DCM with constant U,

* Typical in power supplies
* Replacing U, =U, /D

e == == 5 =y (1=D)
 Maximum required current for CCM when
D=0 | _Ton
LB max —T
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Duty cycle in DCM with constant U,

« Using previous eqguations

U, _ D _ D _ D wYo[p2, Y% o |_p2
Ug D+Ar p, 2Ll 5, Uo g Uyg Ug TLB max
Uq DTy UgD 1B max
* DUty CyC|e IS D:UO /1B max
Ug V1-Uy/Ug

. Ratic_) of voltages IS u, -bp2+DyD2+41,/1sme
nonlinear Ug 215/118 max
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Step-Down DC-DC Converter: Limits of

Cont./Discont. Conduction

]

0.75

.50

0.25

V, = Constant

Vg
Vo = 1.25

0
0

V= 20
Vg
v, = 5.0
()
0.25 0.50 0.75 1.0 1.25 Irp, max

TSVO
Irp max = 2L

Figure 7-9 Step-down converter characteristics keeping 7,

constant.

 Output voltage is kept constant
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Step-Down Conv.: Output Voltage Ripple

(Va — vo)

o

Figure 7-10 Output voltage ripple in a step-down converter.

* ESR Is assumed to be zero
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Ripple (sykkeisyys in Finnish)

Peak-to-peak

AU, = = Al =—tgs =—(Tc —togn ) =—(1-D)T
0 C °C 2 2 L L off L ( S on) L ( ) S
2 2

AU, 1TZ m f ) . 1
=———(1-D)=—(1-D)| — ossa f, =——
U, 8 ctP) =5l )(f } . © 2mLC

Ripple reduces when f. « fs
— Compare to Fig 7-4

In CCM doesn’t depend on output power

Allowed ripple often <1 %
— u,(t) = U, can be assumed to be constant
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Step-Up DC-DC Converter (Boost)

- l é Figure 7-11 Step-up dc—dc converter.

« Output voltage must be greater than the input
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Step-Up DC-DC Converter Waveforms

Vo

(a) (b}

Figure 7-12 Continuous-conduction mode: (a) switch on; (b) switch off.

* Continuous current conduction mode
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Step-Up DC-DC Converter: Limits of
Cont./Discont. Conduction, constant Uo

V, = Constant
TIVD
S
, I = Ip
1L, peak
vy, iL
|
0 3 l
|
|
| |
"'—ton—TJL—‘oﬂ—J 0 0.25 f 0.5 0.75 10 b
. g )

(a) (b)

Figure 7-13 Step-up dc—dc converter at the boundary of continuous—discontinuous

conduction.
: T.U 2
' lor = | 1-D)=—=3=° —
2 TU,
‘Note I, # I, loB max = 27 L
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Step-Up DC-DC Converter: DCM, constant Uo

v L iL

T, rl=— T,
(a) {b)

. A
ton " Loff —— : DT, '_+_A1T8 -I--I—Asz
-
1

Figure 7-14 Step-up converter waveforms: (@) at the boundary of continuous—
discontinuous conduction; (b) at discontinuous conduction.

lo

U D+A l Aq
UyDT: +(Ug Uy AT =0 < —9-= 1 =
d='s ( d o) 1's Ug A ly D+Aq
T
lg= 8 pT, 2FAL ang g, = IsYd py D=op, —a = |2 o[ Y
2L 1 2L Uqg 27Uy
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Step-Up DC-DC Converter: Limits of
Cont./Discont. Conduction

:
1.0 N

N\ V, = Constant

075

£ =05
V, 0
0.5}
N N
Discontinuous N\
/ v,
-4 =
0.25 P / v, 08
0 1 1 - 1,
0 0.25 0.50 0.75 1.0 1.25 1,8, ma

I B, max — 0-074 'T—'V&

Figure 7-15 Step-up converter characteristics keepmg ¥, constant.

* The output voltage is held constant
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Step-Up DC-DC Converter: Effect of

V. 1
v, IL/ Ideal —
/
Il
//’\\ (Due _ttp
c
\;/e‘:::esrllt's)
\
\
1
{
\
\
| Figure 7-16 Effect of parasitic elements on
0 10 voltage conversion ratio (step-up converter).

* The duty-ratio is generally limited before the
parasitic effects become significant
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Effect of Parasitics

» Especially nonidealities, I.e. resistive
losses inLand C

« At large D, peak value of current is large
when compared to the average value

— Major part of input voltage is needed to
overcome the voltage drop of parasitics

— Losses are increasing too

— Output voltage ripple and capacitor current
Increase too

Chapter 7 DC-DC Switch-Mode Converters 798



Effect of Parasitics, U, /U,

 Losses of inductor and capacitor, r,, r.
— Resistors are percentages of load resistor R
* |t can be shown that

UO 1 (1— D)2 R ) 4 RrC
- where R = rL +
Uy 1-D R R+r1c

R?(1-D)°
R+rC

(1-D)+

* Analysis of transfer functions in Chapter
10 gives this
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U,/U, when parasitics are 1 %

10¢

lA

I
O

(o3} ~ (o] (o]
\

\

= N w B~ a1
P

=
I
S
I
)
(@
I—A
A0
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Effect of Parasitics, U, /U,

« Up to D = 0,6 ideal and practical curve match
well
— Maximum increase is about 4,7 with 1 % resistors
— In practice always less than 10, i.e. infinite gain
Impossible
« E.g. operating at D = 0,88
— Supply voltage reduces

— Feedback increases D in order to increas U, Because
of parasitics U, actually drops and finally D = 1 and
short circuit

— D needs to be limited to some practical value
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Efficiency with parasitics

« For simplicity parasitics of L considered only
R =r_+R(1-D)’
Uy 1-D 1-D R

— — ’ o = —
Ui R/n +(1-D)* a+(1-D)? L

P

1-Ja A
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Efficiency with parasitics

* Only inductor

losses ,__Ff _ Us/R 1 a=2
P,+P 2 IR+17 D)’ r
o+Py UZ/R+12n 1+a/(1-D) 1

* The higher D the 117

smaller efficiency is A
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Step-Up DC-DC Converter Output Ripple

* ESR is assumed
to be zero

*I[nductance has no !

effectasitisinthe  / Y. TN

input side RN
ol
le——bp7,——=-(1-D)7,+|

Figure 7-17 Step-up converter output voltage ripple.

e

AU, =2Q _16DTs _Uo DTs _ AU, _ DTy _ DT,
C C R C U, RC 1
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Step-Down/Up DC-DC Converter, Buck-Boost

How to derive Buck-Boost
Series connection of Buck and Boost

\5
v

Buck, K2 is always open
Boost, K1 iIs always closed
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Common current source

« Same current source, Boost turned around

* D1 needs to be removed, it only short-
circuits the current source

Buck Boost turned around
""""""" " -_—-==== "'
K1 : D2 Kl D2
— : : :K": ~ 4 -
+ : 1y ' +
1 i '

Vd : Dl* 1 *@: @‘I f K2 = 14 Vd ]¢@ f K2 __ V.
i 'y : C C
_: : : i + _ +

| :
: N '
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Buck-Boost

« K2 can be removed too, it iIs only short-
circuiting current source

K1 D2 td / I‘
— I‘ + + 17 —
+ | -
L jr— V
e ! ¢ f K2 = v, Vd VL ¢ ° ;
¢ iy +
_ \ qJ - "
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Step-Down/Up DC-DC Converter, Buck-

Boost
iq
+
v — n
d + l iy l
v, E C Vo ?R
- - L I +
_i: Figure 7-18 Buck~—boost converter.

* The output voltage can be higher or lower than
the input voltage
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Step-Up DC-DC Converter: Waveforms

L

Va p———

Ud'[on _Uotoff =0
<:>UdDTS—UO(1—D)TS:O ;

A

UO D - IO 1_ D Ip=Ug+1)
= = ja = 0 i —
U d 1-D | d D | 2 Z,;’n) k “C ::f),f"’l
— _—
L v, vL % liL £+ v,
(a) (b)
Figure 7-19 Buck—boost converter (i;, > 0): (a) switch on; (b) switch off.
 CCM, Continuous conduction mode
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Step-Up DC-DC Converter: Limits of
Cont./Discont. Conduction, Vo constant

ILpeak Uy T.U
g = — =4 pT =-50(1_D
B=—, =5 Pls=— (1-D)
. T.U 2
lo=I_-1q jaleg=Ig—lgg=(1-D)lg= ;Lo(l—D)
TSUO 1.0
loBmax =——

0.75

V, = Constant

I, max = 1oB, max = 5_L
0.50 \

Q.25 ~\
I,p/l,p, max/'\\

(-V,) 0 1 |

~
k——b7, ———1-D)T,~— 0 025 050 0.75 10
(e}

(b)

Figure 7-20 Buck—boost converter: boundary of continuous—discontinuous conduction.
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Step-Up DC-DC Converter: Discontinuous
Conduction Mode, Vo constant

UdDTS—UOAlTS=O<:>UO — D ja I_Ozﬂ

Ug A g D

iL, I /
—t

) -
||_ Ud DT D-I-Al
2L 1

;—5—-’

(=Vo

I DT, ole—,T,—f—}2,T,

Figure 7-21 Buck—boost converter waveforms in a
discontinuous-conduction mode.

U AqT 2L _
IdZIO— OA]_TS 1SZ>A1: IO e||D:U_OA1:U0 IO

2L TS UOTS Ud Ud IoBmax
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Step-Up DC-DC Converter: Limits of
Cont./Discont. Conduction

D
1.ol—
V, = Constant

\
\ Kd = 0.33
\ Vo
075~
N
\ v,
N\ V; =10
0.50
Va
Discontinuous "\ v, = 40
0.25 region
\\
~
~
.
0 l | | .__I 1, )
0 0.25 0.50 0.75 10 1.25 © \Iop, max

TSVO
Iop, max = 2L

Figure 7-22 Buck—boost converter characteristics keeping ¥, constant.

* The output voltage is held constant
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Buck-Boost: Effect of Parasitics

// —— With
” parasitic
/ yd \4/ elements

Figure 7-23 Effect of parasitic

elements on the voltage conversion

1

1
1
|
|
|

P

ratio in a buck—boost converter.

* The duty ratio is limited to avoid these parasitic
effects from becoming significant, same as boost
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Step-Up DC-DC Converter: Output
Voltage Ripple

N

I 1=I
* ESR Is assumed to be 5 |
Zero !
*Inductance not part of ~V I ~_
ripple equation T

ol I .

Note IL 7 IO 7 IO le——bpr,—h- -0y,

Figure 7-24 Output voltage ripple in a buck—boost converter.

AU, - AQ _1oDTs U DTy _ AU, _ DT, _ DT,
C C R C U, RC 7
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Cuk DC-DC Converter

i .
L1 + VoL — iL2
MM -
+ L]_ L2 ?
+ v Cl - v +
7 U L2
Va /1 ¥D - ==C R% v,
P 4 - é +

Figure 7-25 Cik converter.

 Name is based on the family name of the invertor

*The output voltage can be higher or lower than the
iInput voltage, dualism with buck-boost

« Capacitor C1 acts as intermediate energy storage

Chapter 7 DC-DC Switch-Mode Converters
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Cuk DC-DC Converter: Waveforms

 The capacitor M

voltage Is assumed Ver =70

constant T '
U (Vo —_—

Ud DTS +(Ud _UC1)(1_ D)TS =O:>UC1=1 D ;
o \_74>_

C

0 iL2

\___/_Ii
OLT-D_T'I‘—(S:‘;\)—" t

Yo — D Iy _Ud 1-D P \

Ud 1-D Id UO B D ’l.’;-l:\ /J:; Ju iL2

{a) {b)

Figure 7-26 Cik converter waveforms: (a) switch off; (b) switch on.
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Sepic Converter

» Single-Ended Primary Inductance

Converter

— L,:n correspons to Boost
— L,:n correspons to Buck-Boost

. u
Ly IL1 + (il — D
i —_—— || ] P
Ud T |_2 UL2 = C R UO
‘ +
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Sepic comparison

« Advantages
— Continuous input current as in boost
— Step up is possible

— L1 and L2 can be connected magnetically, possible to
compensate ripple in one of the inductors

— Reduces start and short-circuit currents
— Galvanic isolation by adding a second winding to L2

« Disadvantage

— Switch and diode current and voltage higher than in
Boost
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Sepic, voltages

 Similar to Cuk

L UgD=(1-D)(Ugy+Ucy-Uqg)

1-D

Lz UClDZ(l—D)UOZO:UClZTUO
1-D U D

UsD=(1-D)| U, + Uu,-uU 0 —
e
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Sepic, currents

 In steady state average current of C1
needs to be zero

lc1 =12 Switch conducts
icy =i 7 Switch is not conducting
1-D

= 1,,D0=(1-D)l; =(1-D) Iy = o ===l =1o

e I, =lgand 1, =1,
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Full-bridge dc-dc converter

« Converter for UPS and DC-Motor Drives
 Either dc or ac output depending on modulation
« Four guadrant operation is possible

id
—

- ) ok .
v/ bk T/ o, , oo
A A 7\ o lr : l
. " o : | A
|
: R, I X X
|
Va v, (= vaN - vBN) : L } 5 )
!
| e; |
|5 I ! “
- T I
+
Ta_ L Tg_ T _____ ]
) A/ DA-ZIS B/ DB—% UBN
| l ! - C 1 -
N

Figure 7-27 Full-bridge dc—dc converter.
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< TN
- , S
Bi-polar voltage " /\\r——-/' B
. . be- £ l-—t1-—= | | :
! I | | : |
switching N 1
L | o 1 I |
a— ! A o E
AN I ‘3 I pre—
S T
 Switches T '
(cy O | Il | >t
* TA+ and TB- o =
vo(=vaAn —vBN ¥} ——F+—-———fp - A————f——4 ——
{d) oc TV" ‘/"d >t
 TA—and TB+ e
(Ta+ Tp-)
*Are controlled simultaneously e « L

. o ﬂ;___%ﬂi__L
«Qutput changes between oo A PRl N PR o) l.| b

(Ta+, Tp-) !
Devices conductmg (Ta-, Tgy) }

+U4:n and —Ug4:n N -
|

Nt _1_
W | %
! I
|

I,<0
Devices conducting: ?'FY“—— Da4+ Dp- )—*—“—T—‘

(DA- DB ) (TA TB ) (TA TB—)

et 3

—_———] =

Figure 7-28 PWM with bipolar voltage switching.
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Control of output

 Trlangle i =Upi — 0<t<T /4 i Ycontrol Ts
t t 1 !
rl ri TS/4 S Utrl 1
* Ontime of Ty, and Tg_
t :2’(1+—S D =t0_n:1 1+ucontro|
; 2 1 Ts 2 Ljtri
* Ontime of T,_and Tg,
D,=1-D,
Uo=Uan ~Upn =(D1—D2)Uq =(2D; -1)Uy
U
:A_ducontrol = const. xUconrol
Utri
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SN /N =

Uni-polar voltage “

|
t
| /
1
St LN/l \ 4
1¢1¢ ty ta |t1|t1 — Ucontrol

switching s e Dl

. UBN—| i i |J | i

*Two control voltages with o o1 1Tl
opposite signs “—”T“r” =

(d) Y
On-state: (TA+,;TB_) ;(TA,,:. Tg.) ’ (Tpy: Tp-)

: (Ta-, Tg-) (Ta+,Tgy)

T_,———-|

Dy = ton _ 1 1+ Ycontrol
Ts 2 Utri

|

S
N

_1_ —— e i —— ——

|
fe) 0 U
. ©as D5 Y| IY(TAII-DBY | Y : \IY
1, > | | { 1

U d - Devices (T' T _) (D ! T l) ! | | | ]

UO = (2 Dl _1)U d = —- uCOI’ltrol = Vaklo X ucontrolconducting: A| B | iA| B | : : : : I :

Ugri LN A LA i_ AN E
I T

|
|
(f) 0
_ 1 1N\ L
VN TN
H !
11;'0 (Da+ D5-) ; g (Ta-. Dp-)
evices
conducting: Pa-: Tp-)

(Tg4, TB-)

Figure 7-29 PWM with unipolar voltage switching.

<6
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RMS of output voltage

: 1 T
B|p0|ar Uo,rms :\/EJ-O ugdt =Ugq

2 2 2 2
Ur rms = \/Uo,rms —Ug =Uy \/1_(2[)1_1) =2Uy \/Dl_ Dy

» Unipolar
U rms = \/ jsugdt / /Ucontrol —Uq\2D, -1
Utri
Urrms—\/uorms Ug—Ud\/ZDl ) (2D1 —Ud\/6D1 4Dl —2
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Output Ripple in Converters for DC-
Motor Drives

0.75

0.50

0.25

-10 -0.5 0 0.5 1.0 Va

Figure 7-30 V, ., in a full-bridge converter using PWM:
(a) with bipolar voltage switching; (b) with unipolar
voltage switching.

* bi-polar and uni-polar voltage switching
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Switch Utilization in DC-DC Converters

P,
. Py
 Ratio

1.0

* U; = maximum
voltage over switch

0.8 Step-down

i 0.6}
* |+ = maximum current
Buck-boost and
04 Cik converter
Fo _ Uolo . -
PI' UT |_|_ 0.21= “~Full-bridge
0o 0.5 10 > P

oIt varies significantly in o
. Figure 7-31 Switch utilization in dc—dc
various converters converters.
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Equivalent Circuits in DC-DC Converters

{0 3

* replacing inductors O
and capacitors by <E/ W # ) %s o
current and voltage py l —
sources, respectively T 7

(e)

Figure 7-32 Converter equivalent circuits: {a) step-down;
(b) step-up; (c) step-down/step-up; (d) Cuk; (e) full-bridge.
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Reversing the Power Flow in DC-DC
Conv.

Figure 7-33 Reversible power flow with reversible

direction of the output current ¢,

 For power flow from right to left, the input
current direction should also reverse
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Efficiency and losses of power
semiconductor devices

* Losses of power semiconductor devices
— Conduction losses
— Switching losses, turn-on and turn-off

* For simplicity following investigation is on
Buck converter
— Can be generalized to other converters
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Conduction losses

On-state voltage drop
— Assumed to be the same in the switch and diode

Losses
ton Lotf
Poc = I:)Q +Pp =Uopnlo T_"'Uonlo_l__:Uonlo’ ton +loff =T

S S

Efficiency T T
7 Fo+Poc Uplog+tUpnleg U +Ug,

Example

~U,=3V,U,, =05V =>n=857%
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Switching losses

* Infinite rise and fall time when switches
are turning on and off

 An ideal switch would

— Conduct full load current immeadiately without
voltage drop

« Current and voltage are assumed to
changing linearly during turn-on and -off
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Switching inductive current

1 - Va - vy
I, -
— PT_ . Pr_ >t
I-—Turn 0ff—~| ) I-—Turn—on--|
a
iT_
? Turn on
T
| SOA

L,f—(safe—operating area)

U7
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Turning off and on

 T-conducts I, and it is turned off

— Voltage over it increases and when it is U, diode D+
starts to conduct

— Because of parasitic inductances voltage exceeds U,

* D+ conducts I, and T-Is turned on

— Current inceares and exceeds |, because of diode
reverse recovery current

— After recovery of the diode voltage over T- drops to
nearly zero
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Switching losses, best case

« Itis assumed that voltage and current are changing
simultaneously

= 21 [ i fon U
T T, 6
t t toff Uyl
Py = toff ploff t— off Uglg
S Ts 6

<—p Iy Ts Losf A——p
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Conduction and switching losses, best case

ton Ug|
. - . P —P.+P — _on d'o
Itis assumed that t,, =tz "AC = on™Toff =3 "5

 Efficiency including conduction and switching

losses
_ I:)0 _ UOIO _ UO
Py +Ppc +Pac UOIO+U0nlo+UO|IOt0n/C-’>TS U0+U0n+U0|t0n/3TS

n

« Example (cont.)
— Letsassume U,=48V,U,=3V,U,,=0,5V, f,=50kHz and t,,
=ts=0,3usand T, =20 ps

: 3
— With these numbers n

= 100% =80, 2%
3+0,5+48-0,3/3-20
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Conduction and switching losses, worst case

« Current reaches final value before voltage drops

p_tRiYdlo tru Udlo
ToT 2 T, 2

tru Uqlo i Uglo

P.es =
off
Ts 2 Ts 2
Vy
Switch voltage .~ Turning off
rning on -
\
/ \
Switch current” A
- - 4 |
- >
< ap- Ts -< -
Ri tey tRy
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Conduction and switching losses, worst case

thi
* xi =ty = thy = 5 Pac = Pon + Post =2Uqlg T—'
S

P, Ug

TP+ Poe +Pac Ug +Ugn + 2Ugtei /Te

n

 Other values same as before, additionally, ty; =

03us . _ 3 100% = 60. 7%
3+0,5+2-48-0,3/20

« Corresponding linear power supply

n= U—0100% - i100% —6,25%
Ugq 48

Chapter 7 DC-DC Switch-Mode Converters 768



